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their	 thermoregulatory	 responses	with	 those	 in	 standard	 size	 cattle	 breeds	 (SCB,	









body	 size‐dependent	 tolerance,	 and	differential	 fitness	 in	a	 large	mammal	 species	
under	harsh	field	conditions,	providing	a	background	for	comparing	similar	popula‐
tions	during	global	climate	change.	These	demonstrate	the	value	of	studies	combin‐
ing	 functional,	 physiological,	 and	 evolutionary	 approaches	 to	 delineate	 adaptive	












change	will	be	 important	 in	defining	their	 likelihood	of	 future	suc‐
cess	(Mitchell	et	al.,	2018;	Pacifici	et	al.,	2015).	As	we	cannot	predict	
all	 traits	 that	may	 in	 future	be	 advantageous,	 the	 conservation	of	
biodiversity	within	domestic	livestock	is	important,	especially	in	the	
face	of	 rapidly	depleting	biodiversity	during	 climate	 change	 (Isbell	
et	al.,	2015;	Mitchell	et	al.,	2018).	Moreover,	heat	stress	is	becom‐
ing	 an	 increasingly	 important	 constraint	 on	 animal	 productivity	 in	
various	parts	of	the	world	(Collier,	Renquist,	&	Xiao,	2017;	Mitchell	
et	al.,	2018;	Pacifici	et	al.,	2015).	Potential	solutions	for	vulnerable	
populations	 are	 to	 engineer	 the	 environment	 (e.g.,	 controlled	 en‐
vironment	 buildings),	 which	 may	 prove	 to	 be	 unsustainable	 from	
an	 economic,	 environmental,	 or	 animal	welfare	 perspective,	 or	 to	
change/adapt	 the	animal	 to	one	that	 is	more	suited	 to	 the	climate	
(Godfray	et	al.,	2010;	Hoffmann	et	al.,	2017;	Johnson	et	al.,	2017).	
Here,	we	 focus	 on	 the	 latter,	which	 requires	 an	 understanding	 of	















ential	 tolerance	may	be	due	 to	 the	plasticity	 in	populations	 facing	
opposing	 environmental	 conditions,	 as	 well	 as	 family‐specific	 in‐
nate	 plasticity	 that	 could	 enable	 adaptive	 variation	 (Savolainen	 et	
al.,	 2013;	 Seebacher	 et	 al.,	 2015).	 Adaptation	 to	 the	 environment	
is	a	complex	and	energetic	continuing	process	caused	by	mutations	
arising	and	diffusing	 through	populations	 (Savolainen	et	al.,	2013),	
whereas	 acclimatization	 involves	 changes	 in	 physiology	 includ‐
ing	 through	 gene	 expressions	 (Pacifici	 et	 al.,	 2015;	 Seebacher	 et	
al.,	2015).	Specifically,	 temporal	and	spatial	variations	 in	 traits	 like	
animal	body	size	are	explained	as	an	adaptive	 response	 to	climate	
warming	 and/or	 driven	 by	 changes	 in	 environmental	 productivity	
and	food	availability	(Gardner,	Peters,	Kearney,	Joseph,	&	Heinsohn,	
2011;	Martin,	Mead,	&	Barboza,	2018).	For	 instance,	physiological	
acclimatization	 to	environmental	 changes	 involves	variation	of	 the	
heat	 shock	 response,	 whereas	 other	 mechanisms	 mediate	 evolu‐
tionary	 changes	 in	 adaptive	 capability	 related	 to	 environmental	
gradients	 (Cahan	 et	 al.,	 2017).	Gearty,	McClain,	 and	Payne	 (2018)	
demonstrated	that	body	size	changes	and	associated	increased	evo‐
lutionary	 rate	 are	better	 explained	using	 an	energetic	 cost	model,	
integrating	 size‐reliant	 functions	 for	 feeding	 and	 energy	 spending	
on	 metabolism	 and	 thermoregulation.	 Thus,	 spatial	 and	 temporal	
variations	in	climate	drive	current	global	patterns	of	biodiversity	and	




The	 traits	can	evolve	over	a	 long	period	of	 time	 (Slater,	2015),	
but	quickly	as	well	(Geerts	et	al.,	2015).	Decline	in	body	size	is	one	
of	the	universal	responses	to	warming	beside	variations	in	phenol‐
ogy	 and	 dissemination	 (Gardner	 et	 al.,	 2011).	 In	warmer	 climates,	
at	physiological	 level,	thermal	stress	response	is	mediated	through	
the	 hypothalamo‐hypophyseal‐adrenal	 axis	 (Withers,	 Cooper,	
Maloney,	 Bozinovic,	 &	 Neto,	 2016).	 Rectal	 temperature,	 respira‐
tory	rate,	and	heat	tolerance	index	(HTC)	that	combine	both	rectal	
temperature	 and	 respiratory	 rate	 can	predict	 breed	differences	 in	







Alpha	 1,	 signaling	 gene	 involved	 in	 ion‐pumping),	GAPDH	 (glycer‐
aldehyde	 3‐phosphate	 dehydrogenase,	 a	 gene	 related	 to	 energy	
metabolism),	 and	 ACTB	 (beta‐actin,	 a	 cytoskeletal	 actin)	 are	 also	
altered	 in	cattle	exposed	to	heat	stress	 (Gill	et	al.,	2017;	Mehla	et	
al.,	 2014).	Mitochondria	 integrate	environmental	 stimuli	 to	modify	
gene	expression	patterns	through	mitonuclear	communication	and	
act	as	a	controlling	pivot	in	metabolism	as	well	as	during	stress	re‐
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Two	subspecies	of	cattle;	Bos taurus indicus (indicine)	and	Bos taurus 








Asian	 indicine	 cattle	 are	 composed	 of	B. t. taurus,	B. t. indicus,	 and	
B. javanicus (Decker	et	al.,	2014).	The	locally	adapted	hybrids	in	Asia,	
Africa,	and	America	are	crosses	of	hump‐less	 taurine	and	humped	
indicine	 (also	 called	 zebu)	 cattle,	while	 the	African	 taurine	 lineage	








However,	 DCB	 may	 be	 evolved	 following	 dispersal	 to	 extremely	
isolated	 environments,	 for	 example,	 the	 evolution	 of	 dwarf	 Anoa 
buffaloes	at	Sulawesi	and	Sunda	 islands	 (Rozzi,	2017).	The	 Indicus	
haplotype	 consists	 of	 both	 dwarf	 (DCB)	 and	 standard	 size	 (SCB)	
cattle	breeds.	A	proportionate	reduction	in	body	size	(and	hence	a	
greater	surface	area	to	volume	ratio	 to	 improve	thermoregulation)	




over	native	 smaller	breeds	 in	 intensive	agriculture.	However,	DCB	
such	as	 the	Vechur	breed	 (Figure	1)	may	 represent	 candidates	 for	
adaptation	to	global	climate	change	due	to	their	climatic	resilience	
(Eisler	et	 al.,	2014).	Kerala	 state	 in	 India,	with	93%	crossbred	SCB	






et	al.,	2018).	However,	not	all	 species	have	decreased	 in	 size	over	
time	and	mechanisms	other	than	improved	heat	dissipation	may	con‐
tribute	to	size	reduction	(e.g.,	changes	in	food	availability	or	hunting;	
see	Hill	 et	 al.,	 2008;	Machac,	Graham,	&	Storch,	 2018).	 Increased	
temperature	and	humidity	affect	physiology	and	in	turn	functional	
traits	like	body	size	in	different	ways	(Kim,	Park,	&	Sin,	2018).	There	
is	 an	 inverse	 relationship	 between	 enhancing	 environmental	 tem‐
perature	and	body	size	of	ruminants	in	the	last	40,000	years	since	
warming	decreases	body	size	by	altering	metabolic	loads	and	avail‐
able	 resources	 (Martin	 et	 al.,	 2018).	 Phylogenetic	 diversity	 (PD,	
which	 measures	 evolutionary	 history	 among	 taxa)	 and	 functional	
diversity	 (FD,	 that	 represents	 quantitative	measures	 of	 functional	
traits,	 like	body	size)	capture	the	patterns	in	the	diversity	of	traits,	
and	 studying	 their	 interaction	 can	 be	 informative	 (Tucker,	Davies,	
Cadotte,	&	Pearse,	 2018).	 Thus,	 linking	 physiology	 and	phylogeny	
may	 help	 to	 identify	mechanisms	 of	 dwarfing	 in	 cattle	 and	 aid	 to	
forecast	the	effect	of	environmental	warming	on	ruminant	adapta‐
tion	and	evolution.	We	hypothesized	 that	concomitant	 increase	 in	
temperature	and	humidity	in	Kerala	has	resulted	in	adaptive	changes	
in	physiology	and	genetic	architecture	which	may	have	facilitated	a	
high	 level	of	morphological	diversification	 in	 cattle,	 leading	 to	 the	
evolution	of	dwarf	breeds.
In	 the	 present	 study,	we	 assessed	 the	 acute	 heat	 tolerance	 in	
DCB	 (Vechur	 and	 Kasargode)	 and	 SCB	 (crossbreds)	 in	 a	 tropical	
field	 environment	 by	 measuring	 changes	 in	 both	 phenotypic	 and	
genotypic	 traits.	 Using	 a	 combined	 physiological	 and	 phylogenic	














2  | MATERIAL S AND METHODS
2.1 | Study site






heat	 stress	 in	cattle.	Dwarf	cattle	breeds	 (DCB)	and	standard	size	
cattle	breeds	(SCB)	are	ideal	for	comparative	studies	because	they	
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represent	closely	related	 intraspecific	 incipient	breeds,	with	vastly	
different	 size,	 which	 have	 radiated	 to	 fill	 different	 geographical	
niches	(see	Supporting	information	Figure	S1).








otype	 differences).	 Heat	 load	 index	 (HLI,	 expressed	 as	 arbitrary	
unit)	 is	 a	measure	 of	 body	 heat	 gain	 and	 a	 correlated	 index,	 and	
the	accumulated	heat	load	(AHL,	expressed	as	arbitrary	unit)	takes	
into	 account	 the	duration	of	 exposure	 to	heat.	 The	Accumulated	
Heat	Load	Index	(AHLI,	expressed	as	arbitrary	unit)	is	the	cumula‐
tive	 AHL	 over	 a	 given	 period	 in	 a	 day	 (Gaughan,	Mader,	 Holt,	 &	
Lisle,	2008;	Gaughan,	Mader,	Holt,	Sullivan,	&	Hahn,	2010).	These	
indices	 are	used	 for	 assessing	differential	 tolerance	among	pure‐
bred	and	crosses	of	Bos taurus	 and	Bos indicus	 cattle	 (Lees,	Lees,	
Lisle,	Sullivan,	&	Gaughan,	2018)	and	also	for	developing	genomic	
























ex	 situ	 at	 the	 Kerala	 Veterinary	 and	 Animal	 Sciences	University	
farm.	 Ten	 adult	 lactating	 nonpregnant	 animals	 each	 of	 Vechur,	




riod,	which	 reduced	 handling	 stress	 during	 the	 sampling	 period.	
The	 animals	 were	 free	 of	 any	 infectious	 diseases	 and	 were	 all	





a	blood	 sample	 collected	 in	 the	 shed	before	 cattle	was	 taken	 to	
the	pasture	at	08:00,	where	they	grazed	with	no	shade	until	14.00.	
Drinking	water	was	provided	ad	libitum.	The	Institutional	Animal	




We	 measured	 physiological	 variables	 at	 half‐hour	 intervals	 start‐
ing	from	08:00	to	14:00.	We	recorded	rectal	temperature	(RT,	°C.)	
with	a	digital	clinical	thermometer.	We	counted	flank	movements	for	
1	min	with	 the	 help	 of	 a	 stopwatch	 and	 recorded	 respiration	 rate	
(RR,	 breaths/min).	 The	heat	 tolerance	 coefficient	 (HTC,	 expressed	
as	 arbitrary	 unit)	 was	 derived	 from	 physiological	 measurements,	
HTC	=	RR/23	+	RT/38.3	 (Bianca,	 1963).	 Pulse	 rate	 (PR,	 beats/min)	
was	 recorded	 for	 1	min	using	 a	 stethoscope.	 Starting	 from	08:00,	
5	ml	of	blood	was	collected	at	2‐hr	intervals	via	the	jugular	venous	
puncture	 in	 the	 vacutainer	with	 5	mg	 EDTA	 as	 the	 anticoagulant,	
under	 aseptic	 conditions	 for	 hematological	 and	 genetic	 analysis.	
Blood	samples	(5	ml)	without	EDTA	were	also	collected,	centrifuged	
at	 450	×	g	 for	 10	min,	 and	 stored	 at	 −20°C	 for	 determination	 of	
serum	cortisol	concentration	using	an	enzyme	immunoassay	kit	(EIA	
steroid	cortisol	kit,	Agappe	Diagnostics	Limited,	India).
2.4.2 | Quantitative real‐time PCR (Q‐RT‐PCR)
We	 isolated	 total	 l	 RNA	 immediately	 after	 collecting	 blood	 using	
GeneiPure	RNA	extraction	kit	 (Cat.	No.	KT‐173,	Genei,	Bangalore)	
following	 the	 manufacturer’s	 recommendations.	 All	 solutions	 and	
buffers	 were	 prepared	 in	 RNase‐free	 glassware	 and	 0.1%	 DEPC	
(diethylpyrocarbonate)‐treated	 water.	 Before	 beginning	 the	 ex‐
periment,	consumables,	equipment,	and	work	surfaces	were	made	
RNase‐free	by	using	RNaseZAP®	solution	(Cat.	No.	R2020,	Sigma‐
Aldrich).	 To	make	 blood	 samples	 RNase‐free,	 RNAlater®	 (Cat.	No.	
R0901,	Sigma‐Aldrich)	was	used.	DNase	treatment	was	conducted	
using	 DNase1	 kit	 (Cat.	 No.	 AMP‐D1,	 Sigma‐Aldrich).	 The	 RNA	
was	 quantified	 using	 a	 spectrophotometer	 (NanoDrop	 ND‐1000,	
Thermo	 Scientific,	 USA).	We	 checked	 the	 RNA	 quality	 using	 aga‐
rose	gel	electrophoresis	(0.8%).	The	relative	quantification	of	gene	
expression	was	carried	out	using	 Illumina	Eco®	Q‐RT‐PCR	system	
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using	 SYBR	 green	 chemistry,	 giving	 the	 difference	 in	 expression	








were	 designed	 using	 IDT	 primer	 design	 software	 (www.idtdna.
com/Primerquest)	 and	 custom	 synthesized	 from	 Sigma‐Aldrich	
(Supporting	information	Table	S1).	The	cDNA	was	synthesized	from	
a	constant	amount	(1	µg)	of	total	RNA	using	cDNA	synthesis	kit	(Cat.	







which	 contained	 1	µl	 of	 cDNA+1	µl	 each	 of	 forward	 and	 reverse	
primers	(10	pm/µl)	+	6.25	µl	Maxima	SYBR	Green	qPCR	Master	Mix	
(2X)	+	3.25	µl	 nuclease‐free	 water.	 We	 followed	 two‐step	 Q‐RT‐
PCR	protocol.	The	segment	1comprised	of	enzyme	activation	(single	









We	 sequenced	 a	 set	 of	 four	 mitochondrial	 DNA	 (mtDNA)—three	
dwarf	 cattle;	 Vechur,	 Kasargode,	 and	 Wayanad,	 and	 one	 cross‐
bred	 cattle	 by	 using	 long‐range	 PCR.	 We	 amplified	 the	 entire	
mtDNA	 genome	 with	 a	 set	 of	 two	 overlapping	 PCR	 fragments.	




were	 fragmented,	 end	 repaired,	 adenylated,	 adapter‐ligated,	 and	
then	amplified	by	PCR.	The	amplified	DNA	 library	was	run	on	the	
tape	station	for	size	distribution,	and	the	concentration	was	meas‐
ured	 using	Qubit.	 The	DNA	 library	 thus	 prepared	was	 sequenced	
on	 the	HiSeq	 that	generated	2	×	250	bp	paired‐end	 reads.	Quality	











We	 conducted	 statistical	 tests	 in	 R	 version	 3.5.1	 (R	 Core	 Team,	
2018).	We	 tested	 the	 impact	 of	 heat	 stress	 on	 different	 breeds	





size	 and	 temperature	 humidity	 index	 (THI)	 on	 acute	 heat	 stress	
response	 of	 cattle	 with	 repeated‐measures	 ANOVA	 using	 linear	
mixed‐effect	models	and	report	the	final	accepted	model.	Animals	
were	taken	as	the	random	effect.	ANOVA	(model)	in	“car”	package	












and	 aligned	 in	 MAFFT	 v.7.308	 (Katoh	 &	 Standley,	 2013;	 Katoh,	















periods	 of	 the	 day:	 prestress	 (08:00–10:00,	 THI	=	75.3–79.2)	 and	




















3.2 | Hematology, serum cortisol, and 
gene expression




Supporting	 information	 Table	 S3,	 Supporting	 information	 Figures	









We	 used	 the	 mitogenome	 of	 the	 world’s	 smallest	 cattle	 (Vechur	
breed,	Guinness	World	Records	Limited,	2016)	and	other	B. taurus 
and	B. indicus	cattle	to	reconstruct	the	maximum‐likelihood	phylog‐
eny,	with	 sheep	 and	 goat	 sequences	 as	 the	 outgroup	 (Supporting	





















different	geographical	niches.	These	 findings	 illustrate	 that	 reduc‐
tion	in	body	size	increases	heat	tolerance.	Our	study	delineates	the	
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(Machac	et	al.,	2018).	Thus,	the	positive	heat	balance	in	SCB	over	an	












evident	 in	other	 response	variables.	The	differential	 strategy	used	
by	these	two	DCB	lineages	indicates	that	heat	tolerance	is	not	only	
associated	 with	 morphological	 characteristics	 like	 body	 size.	 This	
observation	is	also	intriguing	because	it	reveals	that	the	two	breeds	




pnea	 during	 heat	 stress	 (Pereiraet	 al.,	 2014).	 Overall,	 Vechur	was	
the	most	 tolerant	 to	 heat	 stress,	 followed	 by	Kasargode	 and	 SCB	
the	 least	 tolerant,	 and	phylogenetic	 analysis	 revealed	 an	 indepen‐
dent	parallel	selection	for	this	in	the	two	DCB	lineages.	Therefore,	
by	combining	functional	and	evolutionary	studies,	we	can	conclude	













count,	 neutrophil–lymphocyte	 ratio,	 and	 packed	 cell	 volume	were	
also	 found	 to	be	valid	 indicators	of	 individual	 stress	 load.	Further,	
two	mechanisms	for	size	reduction	are	reduced	cell	size	and	reduced	








Furthermore,	 body	 temperature	 variation	 is	 associated	 with	
reduced	fitness,	with	more	extreme	daily	 fluctuations	correlated	
with	reduced	reproduction	in	wild	mammal	populations	(Maloney,	
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to	high	heat	and	humidity	 in	cattle	breeds	 in	different	regions	 (Taye	
et	 al.,	 2017).	 The	mitochondrial	 genome	of	 dwarf	 cattle	might	 have	
evolved	through	selection	under	heat	stress	(Lajbner	et	al.,	2018).	In	
domestic	 cattle,	 dwarfing	 and	 tolerance	 is	 evolutionarily	 defined	by	
functional	traits	developed	through	maternal	founder	effect	and	ad‐
aptation	to	warm	environments	(Lenstra	et	al.,	2014).	Moreover,	dwarf	




serial	multiple	 founder	effects	 (Horsburgh	et	al.,	2013).	 In	summary,	




ferent	 populations,	 using	 correlative,	 mechanistic,	 and	 trait‐based	






et	 al.,	 2013).	We	 describe	 heat	 stress	 response	 quantitatively,	 dif‐
ferentiating	 adaptive	 and	 plastic	 changes	 in	 response	 to	 tempera‐
ture	 increase,	 and	 revealing	 different	 thermoregulatory	 strategies	




The	 key	 strength	 of	 our	 work	 is	 the	 simultaneous	 evaluation	
of	physiological,	hormonal,	 and	molecular	changes	along	with	mo‐
lecular	 phylogenetic	 analysis	 using	 mitochondrial	 genomes	 of	 the	
different	genetic	groups	studied.	This	could	be	supplemented	with	
























production	 (Mitchell	 et	 al.,	 2018).	We	 argue	 that	 variations	 in	 the	
body	size	of	domestic	cattle	will,	 therefore,	 influence	resilience	to	
environmental	change	(Martin	et	al.,	2018).	Hence,	a	genomic,	tran‐
scriptomic,	 proteomic,	 and	 metabolomic	 approach	 is	 needed	 to	
understand	the	underlying	phenomena	of	body	size‐related	adapt‐
ability	 and	 acclimatization	 in	 diverse	 populations.	 Further	 studies	
using	our	combined	physiological	and	molecular	approach	may	elu‐
cidate	further	mechanistic	differences	between	stress	responses	in	
other	breeds	 and	 species	 that	may	assist	 to	prioritize	 targeted	 in‐
terventions	 both	 to	 increase	 species	 resilience	 and	 their	 adaptive	
capability	(Savolainen	et	al.,	2013;	Seebacher	et	al.,	2015).	To	con‐
clude,	we	must,	therefore,	select	and	breed	carefully	for	sustainable	
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